Synchronous reactivation of bovine herpesvirus type 1 in all latently infected rabbits was achieved following a single intravenous dose of dexamethasone. Reactivated latent virus was first present in ocular secretions between 48 and 72 h post-dexamethasone treatment (PT). Cell-free infectious virus, viral-antigen-containing neurons, and pathologic changes were detectable in trigeminal ganglia (TG) Bovine herpes virus type 1 (BHV-1), a member of the alphaherpesvirus group, is a significant pathogen of cattle responsible for a variety of disease conditions, including rhinotracheitis, conjunctivitis, genital infections, meningoencephalitis, and fatal systemic infection (10). BHV-1 establishes latent infections in neurons of sensory and autonomic nerve ganglia and is reactivatable. In all likelihood, it is this viral characteristic alone that is responsible for perpetuation and transmission of infection in cattle (2, 7, 8, 13, 14, 22) . A rabbit latency model that is consistent with the observations made for latently infected cattle has been developed and used subsequently to examine the molecular basis of BHV-1 latency (17).
and 48 h PT but returned to near-normal levels by 72 h PT. Correlation of this decrease with viral reactivation suggests that altered regulation of LR RNA transcription is a significant event in the process of viral reactivation.
Bovine herpes virus type 1 (BHV-1), a member of the alphaherpesvirus group, is a significant pathogen of cattle responsible for a variety of disease conditions, including rhinotracheitis, conjunctivitis, genital infections, meningoencephalitis, and fatal systemic infection (10) . BHV-1 establishes latent infections in neurons of sensory and autonomic nerve ganglia and is reactivatable. In all likelihood, it is this viral characteristic alone that is responsible for perpetuation and transmission of infection in cattle (2, 7, 8, 13, 14, 22) . A rabbit latency model that is consistent with the observations made for latently infected cattle has been developed and used subsequently to examine the molecular basis of BHV-1 latency (17) .
As with other alphaherpesviruses, the molecular mechanisms that underlie BHV-1 latency and reactivation are poorly understood. Restricted transcription of the BHV-1 genome in latency-infected neurons in the natural host and in the rabbit latency model has been described. BHV-1 latencyrelated RNA (LR RNA), present in neurons of trigeminal ganglia (TG) from latently infected rabbits and cattle, is predominantly nuclear and approximately 0.77 to 1.16 kb in size and maps to a region of the viral genome that overlaps an uncharacterized immediate-early (IE) gene present on the complementary strand (12, 18) . The significance of this transcription in latency and reactivation is unknown.
One particularly intriguing feature of BHV-1 infection is that virus can be predictably reactivated from virtually all latently infected animals following the administration of dexamethasone, a synthetic glucocorticoid (5, 11, 17, 21) . Glucocorticoid-mediated BHV-1 reactivation is likely a significant mechanism underlying the survival of BHV-1 in nature; naturally occurring stressful conditions may lead to increases in endogenous corticosteroids and subsequent viral reactivation and shedding in latently infected animals (5). Glucocorticoids are known regulators of both cellular and viral gene expression and, in addition, they are known to be potent immunosuppressive agents in vivo (20, 25) . The manner by which dexamethasone induces BHV-1 reactivation is unknown; however, it appears that the immunosuppression associated with treatment is not itself directly responsible (5) .
In this study, we have used the rabbit latency model to examine early ganglionic events surrounding dexamethasone-induced BHV-1 reactivation.
MATERIALS AND METHODS
Cells and virus. Bovine turbinate or bovine lung cells were used for these experiments and maintained as described previously (17) . The Cooper strain of BHV-1, supplied by the National Veterinary Services Laboratory, Ames, Iowa, was used for animal inoculation at passage 6.
Animal infections and dexamethasone reactivation. New Zealand White rabbits were lightly anesthetized with methoxyflurane and inoculated in the right and left conjunctival sacs with 107 PFU of BHV-1 as described previously (17) .
Latently infected rabbits (2 to 4 months postinfection) were treated with a single intravenous dose of dexamethasone (2.8 mg/kg of body weight) and killed at various times posttreatment (PT). Ocular swabs from latently infected rabbits were collected and cultured for 2 consecutive days before dexamethasone treatment to verify that spontaneous reactivation was not occurring (17) . Acutely infected TG were obtained from rabbits 4 days postinfection.
Virus isolation, histopathology, and immunofluorescence. Ocular swab samples were handled as described previously (17) . Ganglionic homogenates (10% in minimal essential medium) prepared with Ten Broeck tissue grinders were assayed with bovine cells. Ganglia for explant culture were cut into 1-to 5- In situ hybridization. In situ hybridization was performed essentially as described previously (3, 18, 23 (Table 2) . Fluorescence was observed in a small number of neurons and occasionally in unidentified small cell types (Fig. 1C) . Pathologic changes in TG were observed in one of three animals examined at 24 h PT and in all animals at 48 and 72 h PT (n = 6). Lesions consisted of focal interstitial mononuclear cell accumulations with focal neuronal degeneration, neuronal necrosis, and neuronophagia. With in situ nucleic acid hybridization, degenerative neuronal changes were observed in some neurons containing BHV-1 DNA (Fig. 1D) .
These results indicate that during dexamethasone-induced BHV-1 reactivation, infectious BHV-1 and viral-antigencontaining cells can first be detected in latently infected TG some time between 24 and 48 h PT and that pathologic changes consistent with focal neuronal cell death occur in reactivating ganglia. Temporally, these ganglionic changes precede, or are concurrent with, the appearance of reactivated virus at the ocular site.
Transcription from the latent BHV-1 genome during dexamethasone-induced reactivation. To investigate BHV-1 gene transcription and viral DNA synthesis during induced reactivation, in situ nucleic acid hybridization, with individual (Fig. 2) cloned HindIII fragments spanning the BHV-1 genome as probes (Fig. 2) , was performed on sections of TG taken from latently infected animals at various times following dexamethasone treatment. Results from these experiments are shown in Table 3 . From 0 to 15 h PT, the hybridization pattern seen for the ganglia was similar to that observed for untreated latently infected ganglia; transcription was restricted to HindIII fragment D, the genomic region encoding the BHV-1 LR RNA(s) (12, 18) . Between 15 and 18 h PT, transcription from other regions of the genome was observed in neurons, and by 21 to 24 h PT, probes from throughout the genome hybridized to most ganglion tissue samples (Table 3 and Fig. 1B) .
Viral DNA was first detected by in situ hybridization in neurons of reactivating ganglia between 18 and 21 h PT. As described previously, the DNA hybridization signal was localized to the cell nucleus (19) . In some instances, viral-DNA-containing cells present in inflammatory foci showed evidence of necrotic changes, including pyknotic nuclei, pale-staining eosinophilic cytoplasm, and irregular and fragmented cell membrane borders. Thus, by 21 h PT, the hybridization pattern seen with reactivating ganglia was qualitatively indistinguishable from that seen with ganglia of acutely infected animals ( closely coupled to the appearance of viral DNA detectable by in situ hybridization.
Frequency of LR RNA-containing neurons during dexamethasone-induced viral reactivation. In order to determine whether the number of LR RNA-containing neurons in latently infected TG fluctuates during or following dexamethasone-induced reactivation, quantitative in situ hybridization studies were performed. In these experiments, uniform stratified samples of TG were obtained from untreated and dexamethasone-treated animals at various times PT, and then alternate sections throughout the ganglion were probed for either LR RNA or viral DNA. Following hybridization, ganglionic sections, representing between 6,000 and 56,000 neurons per animal, were scored in a masked fashion for hybridization with the probes.
The mean frequency of LR RNA-containing neurons in ganglia from untreated latently infected animals was 0.085%, with individual animal values ranging from 0.05 to 0.22% (Table 4 ). Viral-DNA-containing neurons were not detected in any ganglionic sections from this untreated group of animals. At 24 h PT, the number of LR RNA-containing neurons was significantly decreased (by 45% -19% [P = 0.028] from untreated-control values [ Table 4 ]). At 48 h PT, the number had fallen 59% ± 18% (P = 0.003). Interestingly, the number of LR RNA-hybridizing cells returned to nearnormal untreated-control values by 72 h PT (+3% ± 22%; P = 0.89).
Viral-DNA-containing cells were detectable in small numbers (0.01 to 0.018%) at all times examined PT. At their highest mean frequency of 0.018% (48 h PT), they represented approximately 21% of the number of LR RNAcontaining neurons present in untreated ganglia.
DISCIJSSION
These data taken together, including ganglionic changes and isolation of reactivated virus from the ocular site, indicate that a single intravenous dose of dexamethasone is sufficient for efficient and synchronous reactivation of latent BHV-1 in the rabbit model. The rapid changes in TG observed after a single dose of dexamethasone suggest a direct effect of dexamethasone on the virus-neuron interaction and thus provide additional evidence supporting a nonimmunological mechanism of action for corticosteroids in viral reactivation (5) . The observation that ganglionic changes precede the appearance of virus at the ocular site directly supports a pathogenesis sequence for recurrent infection after corticosteroid treatment in which ganglionic latency is biologically relevant and reactivated virus is (4, 6, 15, 16) .
Extensive changes in latent viral transcription were first seen 15 to 18 h PT. These data cannot, however, exclude the possibility that even earlier transcription from HindIII fragment D-a region coding for the LR RNA and other genes, including IE genes (12, 24)-might be occurring. In either case, major changes in viral gene expression occur only after a 15-to 18-h lag period. A similar, although somewhat shorter, lag period has been described for a1-acid glycoprotein gene induction in rat liver following dexamethasone treatment. In that case, accumulation of functional a1-acid glycoprotein mRNA is first detectable at 4 h PT and continues to increase through 48 h PT (1). The kinetics of dexamethasone induction of a1-acid glycoprotein mRNA in rat hepatoma cells in culture show detectable levels of mRNA present at 2 h PT, with maximal induction occurring 12 to 16 h PT (1) (11, 17) . Dexamethasone has been shown to have a profound negative effect (three-to fourfold decrease in activity) on LR promoter activity in bovine cells (9 The significance of this LR RNA decrease to viral reactivation is unknown. However, the decrease is concomitant with the earliest ganglionic changes and is positively correlated with viral reactivation. These observations suggest that altered regulation of LR RNA transcription is a significant event in latent viral reactivation, either causally related to reactivation or a direct consequence of it.
Interestingly, the decrease in LR RNA-containing neurons is transient; numbers return to near-normal levels by 72 h PT. It seems unlikely, given temporal considerations, that this is due to infection of additional neurons which would result from ocular replication of reactivated virus with subsequent spread of virus back to the ganglion. If it were, reactivated virus appearing at the ocular site, at the very earliest between 24 and 48 h PT, would have to replicate at the ocular site, be transported back to ganglionic neurons, and express detectable levels of LR RNA by 72 h PT. A more plausible explanation is that the dexamethasone effect on LR RNA is transient and that LR RNA is reexpressed in a majority of the cells that had become LR RNA negative following treatment (as shown in Fig. 3 The relatively synchronous reactivation obtained in this study with the BHV-1 rabbit latency model and dexamethasone suggests the usefulness of the model for further studying the molecular mechanisms underlying viral reactivation in vivo.
